Abstract: Undrained shear strength of the heavily consolidated clay. The undrained shear strength (c u ) is considered one of the most basic parameter characterizing soils in engineering practice. The particular importance of c u is in the case of clayey soil. This parameter also is the basis for the classifi cation of soil according to the ISO standard. The undrained shear strength usually is determined from unconfi ned compression test or from triaxial compression test. In the simple way it can be estimated from the fall cone penetrometer test as index parameter. In the presented work the results of unconfi ned compression tests for very stiff, heavily consolidated clay were shown. All analysed clay specimens were taken from the large depth, up to 303 m below terrain level. The tests results: undrained shear strength (c u ) and unconfi ned compression strength (q u ) were discussed in the relation on in situ consolidation stress, Atterberg's limits and the indicatory test -fall cone test results.
INTRODUCTION
The paper presents the results of laboratory undrained shear strength of the Tertiary clays and silty clays from the Lower Silesia region. The samples were taken from boreholes drilled up to 303 m deep, on which depth the averaged vertical effective stress can be estimated at about 6 MPa.
The geotechnical properties of soils from a great depths (below 30 m deep) are of particular interest in the design of underground infrastructure: deep tunnels, underground mining, tube tunnels (Wright 2012). The geotechnical identifi cation of the deep subgrade is also required in the design of new technologies in the energy and environmental engineering in the design of underground waste reservoirs.
The experiences in the testing of samples of soil taken from great depths are few and far. This is achieved by fi rst of all the considerable cost of sampling, but also the diffi culties arising from the sampling quality. The shear strength is considered as one of the basic soils parameter which determines the bearing capacity and stability of soil. In the case of clayey soil, especially at great depths occuring in the form of continuous layers, the water fi ltration conditions are very impeded. In a such conditions the basic parameter of soil shear strength can be considered: undrained shear strength -c u (Atkinson 2010 , Wright 2012 .
In the paper the results of laboratory tests of the c u parameter determined from unconfi ned compression test and from indicatory test -fall cone test are presented.
The values of c u from unconfi ned compression test were compared with soil depth and average effective vertical stress in situ -σ' vo . The normalized undrained shear strength (c u /σ' vo ) were estimated and as noticed some soil samples showed a signifi cant infringement of the soil structure. The disturbed soil samples were removed from the fi nal analysis.
The calculation of index values of c u from fall cone test were done by according as proposed by Hansbo (1957) and the specifi cation of PKN-CEN ISO/ /TS 17892:2009. The correction factors (μ) to determine corrected value of undrained shear strength (c u(corr) ) from indicatory test were used. The proposition of correction factor to determine the c u(corr) from fall cone test for clayey soil with great depth were done.
MATERIAL AND METHODS
The laboratory tests were carried out on the tertiary soil samples taken from Lower Silesia area. The total of 24 samples were chosen. The undisturbed soil samples were collected from boreholes with depths ranging 18.5-303.0 m below terrain level. The study of basic geotechnical parameters soil were made in accordance with the PKN-CEN ISO/ /TS 17892:2009. The liquid limit (w L ) was determined by fall cone penetrometer test, the cone angle was of 30 degrees (Head and Epps 2011).
The grain size distribution tests shown that examined soil are generally clays (Cl) and silty clays (siCl). The soil samples were characterized by high bulk densities (ρ) from 1.9 to 2.2 t/m 3 , natural water content (w n ) from 12.5 to 27.0%. The Atterberg's limits were set: the plastic limit values (w p ) ranged from 16.4 to 29.1% and the liquid limit (w L ) 38.4-96.2. Most of the soil occurred in stiff consistency -I c > 1, except one sample -in hard plastic consistency (PN EN ISO 14688:2006) .
The undrained shear strength tests were carried out using two methods: the unconfi ned compression test and comparative, indicatory test using the fall cone penetrometer (Atkinson 2010, Head and Epps 2011) . The unconfi ned compression test was carried out on samples with a diameter of 38 mm and a height of 76 mm. The samples were compressed with axial rate of displacement of 2.4 mm/h. From researching the maximum value of the vertical stress at which the sample has been failed was read, this stress is considered to be the compressive strength in uniaxial stress state (q u ). The undrained shear strength was calculated from the formula (PKN--CEN ISO/TS 17892:2009):
The indicatory tests of undrained shear strength (c u ) was conducted by fall cone penetrometer with an electronic reading system and electromagnetic release system. The cone with an apex angle of 30 degrees were used. The cone mass was about 2,820 g, this ensure the cone fall about 4 mm deep. During the study cone fell freely for 5 s in a sample of undisturbed soil, with a diameter of 80 mm and a height of about 100 mm. After 5 s, the reading of the cone position was performed. As shown Hansbo (1957) and Houlsby (1982) , the c u value is directly proportional to the mass of cone (m) and inversely proportional to the square of the value of the cone penetration (i 2 ). The c u value can be determined from the relationship: 
RESULTS AND DISCUSSION
The test results of the basic soil parameters summarized in Table 1 . The results of the unconfi ned compression strength (q u ) and the calculated undrained shear strength (c u ) are shown in Table 2 . The values of strength q u vary in the range of 62.1÷1,006.2 kPa. The values of strength c u calculated from the formula (1) are respectively 31.0÷503.1 kPa. Figure 1 shows the relationship between the obtained value c u and natural water content (w n ), plastic limit (w P ) and liquid limit (w L ). The correlation between the c u , w n and Atterberg's limits were observed repeatedly to soil in a plastic consistency (Sheahan et al. 1996 , Santagata et al. 2005 ). There wasn't noted such correlation when analyzed heavily consolidated soil, taken from great depths. Probably a heavily consolidation of soil partially blurred the effect of Atterberg's limits of its undrained shear strength.
The test results according the soil depth (see Fig. 2 ) were shown. The vertical effective stress in situ -σ' vo increases with the depth and soil becomes more and more consolidated. So along with sampling depth we expect soil strength parameters q u and c u will be increased. This clear link to the analyzed soil is easy to see in soil with higher plasticity index (I p ), when I p > 30%, and is very diffi cult to see in soil with lower I p -see Figure 2 .
The several soil samples (Table 2 ) in a very clear manner different from that principle. These differences, as noted during the research, were joined with cracking of soils samples. The cracks could be the result of previous geological processes but also, more likely due to the strong decompression of soil sample out of the probe in the laboratory. Unfortunately, these cracks strongly affect obtained strength values c u (Table 2 , Fig. 2 ), causing in some cases evident and in other underestimating the value of c u .
In order to eliminate from analysis soil samples with signifi cantly disturbed structure the normalization of c u parameter with effective stress in situ -σ' vo where done. In Table 2 the values of c u / /σ' vo were shown. The soil samples with low value of normalized undrained shear strength (c u /σ' vo ) -below 0.05 -has been removed from further analysis (as a disturbed samples). As shown on Figure 3 in the majority of these were sample with I p < 30%. Regarding with the above the further analysis were done on samples with I p > 30% and c u /σ' vo > 0.05.
The results of index test of undrained shear strength (c u ) made by fall cone test - Table 3 , strongly deviate from the expected. The values of c u calculated from equation (2), and corrected strength values (c u(corr) ) calculated from equation (3) using factor c = 1 are often as much as almost 20-fold higher than the values obtained from unconfi ned compression test (Tables 2 and 3) . Despite the foregoing, the c u(corr) values seems to be overestimated. It can be assumed that the inter- pretation of cone penetrometer tests that suggested Hansbo (1957) and Houlsby (1982) presented by equations (2, 3) for stiff heavily consolidated clays should be reexamined. Head and Epps (2011) reported that the relationship described by the equation (2) was tested using the cone of up to 400 g. It can be assumed that the use of the fall cone penetrometer test to the estimation of undrained shear strength (c u(corr) ) for heavily consolidated clays requires further research and determination appropriate correlation model. The results of undrained shear strength determined from unconfi ned compressive test were correlated with c u with indicatory tests (fall cone test) see Figure 4 . The correlation between this values for soil samples with I p > 30% The detailed analysis showed that some soil sample due to decompression lost its intact structure. The normalized values c u /σ' vo were in that case extremely low. This phenomenon was observed in samples with a lower value I p (I p < < 30%). Those samples (with I p < 30% and c u /σ' vo < 0.05) were excluded from further analysis. The correlation between the c u values and depth were observed in group of intact samples (R 2 = 0.74). There were almost no correlation between c u and Atterberg's limits, caused probably due to heavy consolidation.
It is assumed that the relationship derived by Hansbo (1957) recommended by PKN CEN does not apply in the case of stiff heavily consolidated clays. The use of fall cone penetrometer to assess the undrained shear strength (c u ) of consolidated clays from great deep requires further research and fi nd the right correlation between the penetration of the cone, the mass, and strength c u .
